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Introduction
============

Gene expression in diploid cells is generally biallelic: RNA is transcribed from both alleles of a gene in each cell. However, it is becoming clear that a substantial subset of genes is expressed monoallelically, despite having identical DNA sequences. Monoallelically expressed genes fall into two major classes: imprinted genes and random monoallelic genes.

Imprinted genes are expressed exclusively from either the maternally or paternally inherited chromosome. For example, only the maternal allele of the mouse *Cdkn1c* locus ([@bib8]) and the paternal allele of the *Igf2* gene ([@bib3]) are expressed. For imprinted genes, the identity of the expressed allele is predetermined, often by differential DNA methylation established in the male and female gametes ([@bib21]).

Random monoallelic genes, on the other hand, can be expressed from either the maternal or paternal chromosome. A dramatic example of random monoallelic expression is mammalian X inactivation, in which one of the two X chromosomes in a female cell is transcriptionally silenced ([@bib14]). The choice of which X chromosome to silence is made early in embryonic development. Subsequently, the inactive X is clonally inherited, resulting in adult females with mosaic expression of X-linked genes from the maternally and paternally inherited X chromosomes. In addition to X-linked genes, an increasing number of random monoallelic genes are being identified on autosomes. These genes include olfactory receptors (ORs) ([@bib2]), several immune-system genes including natural killer cell receptors and interleukins ([@bib20]; [@bib1]; [@bib9]; [@bib11]), and the cell adhesion molecule p120 catenin ([@bib6]). OR gene choice has an added layer of complexity in that only one allele of one of the ∼1,000 olfactory loci located in tandem arrays across the genome is expressed in each olfactory neuron ([@bib22]).

The mechanism by which one and only one allele of a gene is chosen at random to be expressed remains mysterious. We have recently shown that the homologous X chromosomes in female mouse embryonic stem (ES) cells adopt different, mutually exclusive states even before X inactivation is initiated ([@bib17]). Furthermore, these two states correlate with the fate of the chromosome upon differentiation of ES cells carrying mutations that predetermine the fates of the active and inactive X chromosomes. In wild-type ES cells, the maternal and paternal X chromosomes can switch back and forth between these states, but upon X inactivation, the states appear to be fixed as the active and inactive X chromosomes. The two states are detected as a tendency for replicated loci on one chromosome to appear as single pinpoints by FISH in paraformaldehyde (PFA)-fixed cells, while loci on the homologous chromosome tend to appear as doublet signals. We refer to this phenomenon as singlet/doublet signals independent of asynchronous DNA replication, or SIAR.

In this paper, we find that SIAR is a general characteristic of random monoallelic genes in ES cells. Establishment of SIAR is dependent on the Polycomb Group protein Eed, an essential component of the histone H3 lysine 27 methyltransferase complex. Furthermore, Eed is also required for asynchronous replication of random monoallelic genes in differentiated cells. Together, these results suggest that a common mechanism, involving chromatin modifications, underlies both X inactivation and autosomal random monoallelic expression.

Results
=======

We wished to examine whether SIAR was peculiar to the X chromosome, or whether it was a more general characteristic of monoallelically expressed genes. To determine whether future monoallelic genes on autosomes behave similarly to X-linked genes, FISH was performed on PFA-fixed mouse ES cells using probes to random monoallelic genes, imprinted genes, and biallelically expressed controls ([Table I](#tbl1){ref-type="table"}). Genes destined to be randomly monoallelically expressed in differentiated cells displayed a singlet FISH signal on one allele and a doublet signal on the other allele in a high percentage of S-phase ES cells ([Fig. 1, A and B](#fig1){ref-type="fig"}). Imprinted and biallelically expressed genes displayed a lower frequency of singlet/doublet (SD) cells than the future random monoallelic genes ([Fig. 1 B](#fig1){ref-type="fig"}).

###### 

**BACs used as FISH probes**

  BAC           Probe name   Location
  ------------- ------------ ------------------
  RP23-52P17    OR2-1        36.4 Mb, Chr. 2
  RP24-342H16   Galnt3       65.9 Mb, Chr. 2
  RP23-419H3    Dlx1         71.3 Mb, Chr. 2
  RP23-318N4    OR2-2        88.8 Mb, Chr. 2
  RP23-63C10    OR2-3        112 Mb, Chr. 2
  RP23-147E9    Gnas         174 Mb, Chr. 2
  RP23-17N3     Igf2         137 Mb, Chr. 7
  RP23-124B2    Cdkn1c       138 Mb, Chr. 7
  RP23-71G18    Hba1         31.9 Mb, Chr. 11
  RP24-212H23   OR11-1       49.3 Mb, Chr. 11
  RP23-226J16   IL-4         53 Mb, Chr. 11
  RP24-260A8    OR11-4       73.3 Mb, Chr. 11
  RP24-317D24   OR11-5       87.7 Mb, Chr. 11

BACs located within odorant receptor arrays are referred to by the name of the array ([@bib26]), with the addition of OR11-5, which is located on chromosome 11 distal to OR11-4.

![**Autosomal random monoallelic genes display SIAR.** (A) Representative FISH images of cells displaying SS, SD, or DD signals. DNA-FISH was performed on wild-type ES cells using the OR probe OR11-5 ([Table I](#tbl1){ref-type="table"}) labeled with Cy3 (red). DNA was stained with DAPI (blue). OR probes tended to show a relatively high nonspecific background signal by FISH, probably due to cross-hybridization with other OR genes. (B) Quantitation of the percentage of nuclei displaying SD FISH signals for the random monoallelic OR and *IL-4* loci; the imprinted genes *Igf2*, *Gnas*, and *Cdkn1c*; and the biallellically expressed genes *Hba1*, *Dlx1*, and *Galnt3*. Asterisks indicate samples with a significantly greater % SD than *Hba1* using an unpaired *t* test (P ≤ 0.001). Error bars represent one standard deviation in each direction. See Fig. S1 for complete scoring of SS, SD, and DD signals (available at <http://www.jcb.org/cgi/content/full/jcb.200706053/DC1>). (C) Replication timing assay. Cells were arrested in G1 with mimosine, and released. At 1-h intervals, cells were BrdU labeled, DNA was isolated, and BrdU-containing DNA was immunoprecipitated. Sequences from OR11-5 (specifically, the OR gene *Olfr464*), *Igf2*, and a loading control, consisting of BrdU-labeled human DNA added before immunoprecipitation, were analyzed by quantitative PCR amplification. Water (no template control, NTC) and DNA immunoprecipitated with nonspecific serum (IgG) were amplified as negative controls. PCR primer sequences are given in [Table II](#tbl2){ref-type="table"}. (D) Percentage of nuclei with SD FISH signals in FACS fractions. DNA was stained with Hoeschst, and cells were sorted (Fig. S1) by DNA content onto slides. FISH was performed on PFA-fixed cells using probes to the OR array OR11-5 and the imprinted gene *Igf2*. Percent BrdU positive (blue diamonds), singlet/singlet (SS; pink squares), singlet/doublet (SD; yellow triangles), and doublet/doublet (DD; aqua crosses) cells are shown. Both OR11-5 and *Igf2* showed the expected decrease in the percentage of SS cells in the early fractions and the expected increase in DD signals in later fractions. Error bars represent one standard deviation in each direction. For *Igf2*, the fraction of SD cells in fraction 3 was significantly higher than in fractions 1, 5, and 6 (P ≤ 0.001) and somewhat higher than in fractions 2 and 4 (P \< 0.05) based on a *t* test. For OR11-5, the frequency of SD cells was significantly lower in fraction 1 (P \< 0.005) than in the remainder of the fractions.](jcb1790269f01){#fig1}

The high frequency of SD FISH signals for X-linked genes in female ES cells ([@bib17]) does not reflect asynchronous replication of these loci. Imprinted genes, in contrast, have been shown to replicate asynchronously in ES cells ([@bib7]). We asked whether the elevated frequency of SD FISH signals for autosomal random monoallelic loci could be attributed to asynchronous replication. First, we assayed the replication timing of *Olfr464*, an OR in the OR11-5 array, and the imprinted gene *Igf2.* ES cells were released from a late G1 block, DNA was isolated at 12 one-hour intervals, newly replicated BrdU-labeled DNA was immunoprecipitated, and *Olfr464* or *Igf2* sequences were detected by qPCR. Replication of both *Olfr464* and *Igf2* occurred around the 3--5-h window after release ([Fig. 1 C](#fig1){ref-type="fig"}).

We then assayed the cell cycle window in which cells with SD FISH signals occurred to determine whether the cells with SD signals peak at a single point. Such a result would be consistent both with our replication timing data and with the slight replication asynchrony that has been reported for these genes (Singh et al., 2003; [@bib5]). ES cells were FACS sorted by DNA content and fixed with PFA, and the proportion of cells with SD FISH signals was determined in each of the six fractions ([Fig. 1 D](#fig1){ref-type="fig"}). For *Igf2,* the percentage of cells with SD signals peaked in the third fraction and then decreased, consistent with the documented asynchronous replication of this locus ([@bib7]). For the OR array OR11-5, the percentage of cells with SD signals increased between the first two fractions and remained at a relatively constant level throughout the remaining fractions.

In combination, the analyses of replication timing and SD FISH signals across the cell cycle indicate that one of the two OR11-5 alleles exhibits a singlet FISH signal in a significant fraction of ES cells, even when both loci have replicated. Thus, a substantial fraction of the observed SD FISH signals for OR11-5 cannot be attributed to asynchronous replication.

In differentiated cells, random monoallelic genes do display asynchronous replication ([@bib2]; [@bib19]). When multiple random monoallelic genes occur on the same chromosome, they replicate early on one homologue and late on the other, despite the fact that intervening biallelically expressed genes do not exhibit asynchronous replication (Singh et al., 2003). We therefore tested whether loci on the same chromosome are coordinated in their behavior even before differentiation. To do this, we performed FISH in ES cells with pairs of probes to random monoallelic genes on the same chromosome ([Fig. 2 A](#fig2){ref-type="fig"}). Two pairs of OR arrays on chromosome 2, a pair of OR arrays on chromosome 11, and an OR array and interleukin-4 on chromosome 11 were tested pairwise ([Fig. 2 B](#fig2){ref-type="fig"}). All four pairs displayed singlet signals on one chromosome and doublet signals on the other in ∼65% of cells in which each locus exhibited one singlet and one doublet allele ([Fig. 2 C](#fig2){ref-type="fig"}). This is significantly different from the 50% of cells that are predicted to exhibit this pattern if behavior of loci on the same chromosome is not coordinated.

![**SIAR of autosomal genes is coordinated and switchable.** (A) Appearance of random monoallelic loci as SD FISH signals is coordinated along the length of a chromosome. Representative FISH images of cells displaying coordinated or opposite SD signals for pairs of OR probes on the same chromosome. DNA-FISH was performed on wild-type ES cells using the OR probes OR11-1 (left) or OR2-3 (right) labeled with Cy3 (red), and OR11-4 (left) or OR2-2 (right) labeled with biotin and detected with FITC-avidin (green). DNA was stained with DAPI (blue). (B) Locations of loci examined on chromosomes 2 and 11. OR arrays are named according to the system of [@bib26]. Random monoallelic genes are labeled in blue, biallelic genes in black, imprinted genes in gray, and the chromosome 11 transgene used as a marker in violet. (C) Quantitation of the percentage of cells displaying coordinated or opposite SD signals for four pairs of probes. A χ-square test was used to determine P values for coordination, with a null hypothesis of no coordination. (D) The identities of the singlet and doublet alleles are not fixed in ES cells. Representative FISH images of cells from a clonal population displaying a singlet or doublet signal on a marked chromosome. Combined RNA/DNA-FISH was performed on ES cells carrying a transgene on one copy of chromosome 11 (BayGenomics line RRR379) using the OR probes OR11-1 labeled with Cy3 (red), and plasmid pGT2lxf labeled with FITC (green). Because OR genes are not expressed in ES cells, these probes detected DNA only; the pGT2lxf probe detected both RNA and DNA. The frequency of SD FISH signals for each probe by itself in RRR379 ES cells was comparable to that in wild-type male (E14) or female (ES2-1) ES cells (not depicted). DNA was stained with DAPI (blue). Quantitation of the percentage of cells displaying a singlet or doublet signal for the OR11-1 or OR11-4 probe on the pGT2lxf-containing chromosome are given in the table below. A χ-square test was used to determine P values, with a null hypothesis of a locus on the marked chromosome being equally likely to appear as a singlet or a doublet.](jcb1790269f02){#fig2}

The identity of the homologue that contains the early replicating random monoallelic genes is fixed in clonally derived mouse embryo fibroblasts (MEFs) (Singh et al., 2003), prompting us to examine whether the same chromosome always shows an elevated frequency of singlet FISH signals in clonally derived ES cells. FISH was performed in an allele-specific manner, using an ES cell line containing a transgene on one copy of chromosome 11. In ES cells derived from a single progenitor, the singlet signal for either of the two OR probes on chromosome 11 appeared on the transgene-containing chromosome in approximately half the cells ([Fig. 2 D](#fig2){ref-type="fig"}). Thus, the identity of the chromosome exhibiting the singlet FISH signal for autosomal random monoallelic loci switches in ES cells, in contrast to the fixed behavior of these loci in differentiated cells.

The appearance of an already-replicated allele as a singlet FISH signal suggests that the sister chromatids remain closely apposed such that the individual chromatids cannot be distinguished. To test whether intact chromatin structure is necessary to observe the high percentage of SD cells for autosomal monoallelic genes, we compared two fixation methods. PFA fixation, as used above, preserves nuclear organization, while fixation with methanol/acetic acid (MeOH) removes proteins from DNA and disrupts chromatin organization ([@bib10]). FISH for autosomal random monoallelic genes in MeOH-fixed samples revealed a lower percentage of SD cells than in PFA-fixed samples; imprinted genes, on the other hand, displayed similar frequencies of SD cells in MeOH- and PFA-fixed samples ([Fig. 3 A](#fig3){ref-type="fig"}). These results confirm that SIAR requires relatively intact chromatin structure ([@bib17]).

![**SIAR is dependent on intact nuclear structure and precedes establishment of monoallelic expression.** (A) SD FISH signals for random monoallelic genes, but not imprinted genes, are reduced in methanol-fixed samples. FISH was performed on MeOH-fixed wild-type ES cells using probes for random monoallelic OR genes and *IL-4*; the imprinted genes *Igf2*, *Gnas*, and *Cdkn1c*; and the biallellically expressed genes *Dlx1*, *Hba1*, and *Galnt3* (data for PFA-fixed cells is provided for comparison, and is the same as in [Fig. 1 B](#fig1){ref-type="fig"}). The frequency of SD FISH signals in PFA-fixed (gray) and MeOH-fixed (black) samples is shown. Error bars represent one standard deviation in each direction. The observed frequency of SD FISH signals for *Hba1* and *Igf2* in MeOH-fixed ES cells was consistent with previously published work ([@bib23]; [@bib7]). See Fig. S2 for complete scoring of SS, SD, and DD signals in MeOH-fixed cells and a statistical analysis of the difference between PFA- and MeOH-fixed cells (available at <http://www.jcb.org/cgi/content/full/jcb.200706053/DC1>). (B) Differentiated cells do not display SIAR. DNA-FISH was performed on PFA- (gray) and MeOH-fixed (black) wild-type MEFs using OR array probes OR11-1 and OR11-4. Data for ES cells ([Fig. 1 B](#fig1){ref-type="fig"} and [Fig. 2 B](#fig2){ref-type="fig"}) is shown for comparison. Error bars represent one standard deviation in each direction. The observed frequency of SD FISH signals for OR arrays in MeOH-fixed MEFs was consistent with previously published work ([@bib2]; [@bib23]). See Fig. S3 for complete scoring of SS, SD, and DD signals in PFA- and MeOH-fixed MEFs (available at <http://www.jcb.org/cgi/content/full/jcb.200706053/DC1>).](jcb1790269f03){#fig3}

SIAR at X-linked loci is restricted to undifferentiated ES cells ([@bib17]). To determine whether SIAR at autosomal loci is also limited to undifferentiated cells, before the establishment of monoallelic expression, we performed FISH for two OR arrays, OR2-1 and OR11-1, in MEFs. Both probes displayed a lower frequency of SD cells in MEFs compared with ES cells, and there was no significant difference in the percentage of SD cells in PFA- and MeOH-fixed MEFs ([Fig. 3 B](#fig3){ref-type="fig"}). The SD cells observed in MEFs presumably reflect the asynchronous replication of OR arrays in differentiated cells ([@bib2]).

The chromatin difference that underlies the difference in appearance of future random monoallelic loci by FISH remains unknown. The loss of SIAR in MeOH-fixed cells implies that intact chromatin structure is required; for this reason, possible candidates for the cause of SIAR include proteins that play a role in chromatin modification. We performed FISH on ES cells mutant for either *Eed* ([@bib18]), which is required for histone H3 methylation on lysine 27, or the maintenance DNA methyltransferase *Dnmt1* ([@bib7]) to see if they are required for SIAR. ES cells mutant for *Dnmt1* did not display a significant difference in the frequency of SD cells for OR2-1 or OR11-1 probes compared with wild-type cells (Fig. S4, available at <http://www.jcb.org/cgi/content/full/jcb.200706053/DC1>). Mutation of *Eed*, in contrast, did result in a significant reduction in the frequency of SD signals for OR arrays ([Fig. 4 A](#fig4){ref-type="fig"}). In addition, the frequency of SD signals was the same for PFA-fixed and MeOH-fixed *Eed* mutant ES cells ([Fig. 4 B](#fig4){ref-type="fig"}), further suggesting that these cells no longer display SIAR, because disruption of nuclear organization no longer affects SD signal frequency. Together these data indicate that Eed is necessary for SIAR at OR2-1 and OR11-1.

![***Eed* is required for SIAR.** (A) Mutation of Eed reduces SIAR in ES cells. The frequency of SD FISH signals for three OR arrays in PFA-fixed wild-type (gray) and *Eed* knockout (striped) ES cells is shown. Asterisks indicate a significant difference between wild-type and *Eed* as determined by an unpaired *t* test (P \< 0.005). Error bars represent one standard deviation in each direction. See Fig. S4 for complete scoring of SS, SD, and DD signals (available at <http://www.jcb.org/cgi/content/full/jcb.200706053/DC1>). (B) PFA-fixed and MeOH-fixed *Eed* ^−*/*−^ ES cells display a similar frequency of SD signals. The frequency of SD FISH signals for three OR arrays in PFA-fixed (gray) and MeOH-fixed (black) *Eed* knockout ES cells is shown. Error bars represent one standard deviation in each direction. See Fig. S4 for complete scoring of SS, SD, and DD signals. (C) Asynchronous replication of random monoallelic loci is lost in differentiated *Eed* ^−*/*−^ cells. The frequency of SD FISH signals for two OR arrays, *Igf2*, and *Hba1* in MeOH-fixed wild-type (black) and *Eed* knockout (striped) differentiated cells is shown. EBs were differentiated for 17 d, and differentiation was tested using an alkaline phosphatase assay. 97.5% of wild-type cells and 95% of *Eed* ^−*/*−^ cells were negative for phosphatase activity. Asterisks indicate a significant difference between wild-type and *Eed* as determined by an unpaired *t* test (P \< 0.001). Error bars represent one standard deviation in each direction. See Fig. S4 for complete scoring of SS, SD, and DD signals.](jcb1790269f04){#fig4}

We examined whether Eed was also necessary to establish asynchronous replication timing of OR genes in differentiated cells. Wild-type and *Eed* ^−/−^ ES cells were differentiated as embryoid bodies for 17 d. FISH for OR2-1, OR11-1, *Igf2*, and *Hba1* was performed on MeOH-fixed differentiated cells. Differentiated wild-type cells showed a high frequency of SD FISH signals at monoallelically expressed loci ([Fig. 4 C](#fig4){ref-type="fig"}), consistent with previously published results in MEFs ([@bib24]). In differentiated *Eed* ^−/−^ cells, the frequency of SD signals for the OR arrays was reduced to the level seen for the biallelically expressed *Hba1*. This suggests that asynchronous replication of ORs was lost in differentiated *Eed* ^−/−^ cells ([Fig. 4 C](#fig4){ref-type="fig"}). In combination, our results show that Eed plays dual roles in regulation of random monoallelic autosomal genes: it is necessary for SIAR before differentiation and asynchronous replication timing of these loci after differentiation.

Discussion
==========

The similar behavior of autosomal and X-linked genes before random monoallelic expression lends support to the idea that the mechanism of random choice is at least partially conserved between autosomes and X chromosomes ([@bib24]). On both the X chromosome ([@bib17]) and autosomes, alleles of future random monoallelic genes differ from each other in a switchable fashion that is dependent on intact nuclear structure and coordinated among loci on the same chromosome. Our current model ([@bib17]) is that the observed differences in frequency of singlet and doublet FISH signals reflect an underlying difference in chromatin structure between the chromosomes that affects the likelihood that the replicated loci on each chromosome will separate enough to appear as a doublet signal by FISH.

As there are no known cell lines in which OR choice is predetermined, it is not possible to correlate autosomal SIAR with future expression states, as was done with X-linked loci ([@bib17]). However, autosomal random monoallelic loci display asynchronous replication in differentiated cells, even in cell types in which they are not expressed, and this asynchronous replication has been proposed to underlie the choice of which allele will be expressed in specific differentiated cell types ([@bib19]). *Eed* mutant ES cells that lack SIAR also lose asynchronous replication after differentiation ([Fig. 4 C](#fig4){ref-type="fig"}), suggesting that the chromatin difference underlying SIAR of autosomal random monoallelic loci may be required for the later asynchronous replication of the loci.

Although it remains possible that Eed affects SIAR in ES cells and asynchronous replication in differentiated cells through two independent pathways, our results are consistent with the hypothesis that SIAR is a precursor to both random monoallelic expression and asynchronous replication. Eed is not required at the time of random X chromosome inactivation in order for that process to occur normally, based on studies of *Eed* ^−*/*−^ embryos ([@bib13]). However, maternal stores of Eed present earlier in embryogenesis may have already established the underlying chromatin differences that are visualized as SIAR. Alternatively, it is conceivable that SIAR of X-linked and autosomal loci is mediated by different genes, or that SIAR is important for asynchronous replication, but not monoallelic expression. Because no female *Eed* ^−*/*−^ ES cell lines currently exist, it remains to be seen whether SIAR of X-linked loci is affected by loss of Eed.

The behavior of the *Eed* ^−/−^ ES and differentiated cells suggests that Eed-mediated histone methylation is involved in asynchronous replication in differentiated cells as well as in the differences between homologous alleles of future random monoallelic genes in ES cells. Although it is well-established that histone methylation, expression status, and replication timing are closely correlated, it has been less clear whether particular histone modifications are a cause or effect of replication timing ([@bib25]). The histone methyltransferase Suv39h1, which methylates histone H3 lysine 9, has recently been shown to affect the timing of replication of pericentric heterochromatin in the mouse ([@bib25]). Together with our results, this suggests that a combination of histone modifications may play a causal role in establishing replication timing of particular loci.

Materials and methods
=====================

Cell lines and culture
----------------------

Mouse cell lines used in this study included: ES2-1, wild-type female ES cells ([@bib15]); E14, wild-type male ES cells ([@bib12]); RRR379, male ES cells carrying an insertion of pGT0Lxf at the *epsin2* locus on chromosome 11 (BayGenomics); *Eed* ^−*/*−^ male ES cells ([@bib18]), *Dnmt* ^−*/*−^ male ES cells ([@bib7]), and wild-type female MEFs.

MEFs and EBs were cultured in Diff medium: Knockout DME (Invitrogen) with 10% fetal bovine serum (FBS), 1× nonessential amino acids (UCSF Cell Culture facility), 1× [l]{.smallcaps}-glutamine, 1× penicillin/streptomycin (UCSF Cell Culture facility), and b-mercaptoethanol. ES cells were cultured in ES medium: same as Diff medium, plus 1,000 U/ml leukemia inhibitory factor (LIF), following standard protocols. Differentiation of EBs was tested using the ELF Phosphatase Detection kit (American Type Culture Collection).

FACS
----

Wild-type female ES cells were labeled with BrdU (GE Healthcare) and stained with 40 ug/ml Hoechst 33342 (Molecular Probes) for 45 min before harvesting for flow cytometry. The cells were resuspended in ES medium containing 40 ug/ml Hoechst 33342, 7% Cell Dissociation Buffer (Invitrogen), and 10 mM EDTA, and sorted using a FACSDiVa Cell Sorter (Becton Dickinson). DNA content was measured based on the intensity of Hoechst emission using a HQ445/50 bandpass filter. Cells were sorted into six fractions containing similar numbers of cells onto multiwell slides pretreated with 1 mg/ml poly-[l]{.smallcaps}-lysine and allowed to settle and adhere.

FISH
----

All cells were labeled with BrdU for 30 min before fixation. Cells to be PFA fixed were cytospun onto slides, washed 30 s with ice-cold CSK buffer (100 mM NaCl, 300 mM sucrose, 3 mM MgCl~2~, and 10 mM Pipes, pH 6.8), 30 s with cold CSK + 0.5% Triton X-100, and 30 s with cold CSK, then fixed for 10 min at room temperature in 4% PFA, 1× PBS ([@bib16]). For MeOH fixation, trypinized cells were treated with 0.075 M KCl for 10 min on ice, washed four times with a 3:1 MeOH/acetic acid solution, and then dropped onto slides ([@bib7]).

FISH for genomic DNA was performed essentially as previously described ([@bib7]). PFA-fixed samples were pretreated with 0.01% pepsin in 0.01 M HCl for 4 min at 37°C, fixed for 5 min in 4% PFA/1× PBS at room temperature, and treated for 30 min in 0.1 mg/ml RNaseA at 37°C. After dehydration through an ethanol series, samples were denatured for 3--8 min on an 80°C heat block. For combined RNA/DNA-FISH, the RNaseA treatment was omitted. MeOH-fixed slides were not pretreated, and were denatured for 30 s on the heat block. BACs ([Table I](#tbl1){ref-type="table"}) were directly labeled with Cy3-dCTP by random priming for use as probes. The frequency of nuclei displaying SS, SD, and DD signals for single probes were scored in S-phase (BrdU positive) cells. To ensure that singlet and doublet signals were being scored consistently, three of the authors independently scored several blinded slides for SIAR, obtaining comparable results. Linked sequences can be reliably scored as being on the same chromosome over distances of up to 50 Mb ([@bib4]); all pairwise DNA-FISH experiments in this study were performed within this distance range.

Microscopy
----------

All microscopy was performed at room temperature, on slides mounted with Vectashield (Vector Laboratories). FISH results were analyzed using a fluorescent microscope (BX60; Olympus) with a 100× oil immersion objective, NA 1.30. Images were captured with a digital camera (ORCA-ER; Hamamatsu) and Openlab 4.0.1 software. Grayscale images were combined into an RGB image using Photoshop, with Cy3, FITC, and DAPI images pasted into the red, green, and blue channels, respectively. The Photoshop Levels tool was used to adjust the upper and lower input levels for each channel to match the upper and lower boundaries of the image histogram. No gamma adjustments were made.

Replication timing assay
------------------------

To assay replication timing, cells were arrested in late G1 with mimosine, then released into the cell cycle. At 12 one-hour time points after release, cells were labeled with BrdU and DNA was isolated. 0.5 ug of BrdU- labeled human DNA was mixed with 10 ug of DNA from each time point as a control for immunoprecipitation efficiency. BrdU-labeled DNA was immunoprecipitated with either a monoclonal α-BrdU antibody (Becton Dickinson) or mouse IgG and Protein G--Sepharose 4 Fast Flow beads (GE Healthcare) and resuspended in 1 mM Tris, 0.1 mM EDTA, pH 8.0, in a final volume of 1 ml.

Immunoprecipitated DNA from each time point and a dilution series of genomic DNA were used as templates for qPCR amplification of sequences from OR11-5, *Igf2*, and the human DNA control. PCR primer sequences are given in [Table II](#tbl2){ref-type="table"}. The results were quantitated using the relative standard curve method as described in ABI User Bulletin \#2, normalizing to the human DNA control.

###### 

**PCR primer sequences**

  Primer name                 Primer sequence
  --------------------------- ----------------------
  MOR240-qf (*Olfr464*)       CACCATCATGAACACCAAGC
  MOR240-qr (*Olfr464*)       GAGAACCAGCATCCCACTGT
  Igf2-qf                     GAGTTCAGAGAGGCCAAACG
  Igf2-qr                     TAGTGTGGGACGTGATGGAA
  hORF-qf (loading control)   TGTGTGCTCCTGGATCTCTG
  hORF-qr (loading control)   AACACCTGGTTCCACCTCTG

Statistics
----------

An unpaired *t* test was used to examine which genes displayed a significantly greater percentage of SD signals than the biallelic control *Hba1*, with P ≤ 0.001. A *t* test was also used to compare the frequency of SD FISH signals in PFA- and MeOH-fixed cells (Fig. S2 B). All P values to determine statistical significance of coordination or switching were calculated using a χ--square test, with a null hypothesis of a 50:50 (random) distribution.

Online supplemental material
----------------------------

Figure S1 shows full scoring of FISH signal appearance in PFA-fixed ES cells and ES cell FACs profile. Figure S2 shows FISH signal appearance in MeOH-fixed ES cells. Figure S3 shows full scoring of FISH signal appearance in MEFs. Figure S4 shows FISH signal appearance in *Dnmt1* ^−/−^ and *Eed* ^−/−^ mutant cells. Online supplemental material is available at <http://www.jcb.org/cgi/content/full/jcb.200706053/DC1>.
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